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SIGHTING COMBINATIONS. FOR ORBITAL AND MIDCOURSE NAVIGATION

DURING THE THIRD AND FOURTH HIGH ELLIPSES OF MISSION E

By Richard E. Eckelkamp

SUMMARY

Avallable sighting combinations for midcourse and orbital navigation
during the third and fourth high ellipses of Mission E are discussed and
the method of obtaining these combinations is given. The results point
out the scarcity of possible sighting combinations and the need for auxil-
iary real-time planning.

INTRODUCTION

The third and fourth high ellipses on Mission E offer opportunities
to simulate sextant midcourse navigation (Colossus program P23) and, for
the first time, orbital navigation at lunar orbit rates (Colossus program
P22). 1In midcourse navigation star-landmark and star-horizon sightings
are statistically weighted to correct the command module computer (CMC)
estimate of position and velocity, or state. This method is to be used
during the translunar and transearth phases of the lunar missions. Orbital
navigation corrects the CMC estimate of both the state and the position
. of a landmark by processing sightings on a landmark. This process can
determine both the orbit and a landing site.

Performing midcourse navigation on Mission E will produce information
valuable to the lunar missions on instrument errors, horizon and landmark
perceptability, astronaut technique, and fuel requirements. The navigation
results can be used for postflight analysis and improving the horizon
error model. Paramount among these results is the latter. Improvement or
verification of the horizon error model is necessary before navigation
plans can be made for Missions F and G. Accurate estimation of the horizon
is hampered by cloud coverage, airglow, effects of the solar cycle,
asphericity of the earth's surface, and bias in the astronaut's determina-
tion of the horizon. Horizon definition error by far exceeds the error
due to deviations in estimated perpendicularity for star-horizon observa-
tions (ref. 1).



Selection of a navigation plan to accomplish the goals of Mission E,
or any mission, involves a detailed analysis of all the possible sighting
combinations within the time allotted for the navigation. This paper
presents sighting combinations for such an analysis, and a resulting
sample plan. Computer programs needed for generation of navigation plans
exist both in the Mathematical Physics Branch and at MIT IL.

Once the objectives of performing a midcourse or orbital navigational
sequence have been established, the principal element to be considered
in the selection of a navigation plan is the sighting schedule. Other
factors, such as time of CMC update, number of marks taken per sighting
combination, and time of inertial measurement unit (IMU) alignment can then
be obtained.

This procedure occurs because sighting combinations are often scarce.
These combinations are scarce primarily because the CMC has only 37 stars
fixed in memory. (Additional stars may be punched into the CMC with mark
routine R53.)

DETERMINATION OF SIGHTING COMBINATIONS
To determine the availability of sighting combinations at any time

during the third and fourth high ellipses of Mission E, an ephemeris of
the CSM trajectory was generated from the following initial conditions:

X Tt o v 0 s e s e e e e e e e e e e e e e e . =12 676 U435
¥y, £t . o o o o o o o e s e e e e e e v . . . . . 38619 550
Zy Bt v v v e e e e e e e e e e e e e e e .. . =19 190 19k
Xy TPSe « v v e v e e e e e e e e e e e .. .. =13 336.600
Yo DS. « ¢ o e e e e e e e e e e e e e e e =2054.TLTT
Zy EDSe v v e e e e e e e e e e e e e e e e 4685.2392
Time of vector, minutes g.e.t. . . . . . . . . . 451.60665
Date of launch. . . « + + ¢« + + +« + « . . . . Sept. 30, 1968
Time of launch, hours G.m.t. . . . . . . . . . . . .. 1900

(These conditions were obtained from a preliminary reference trajectory
generated by the Orbital Mission Analysis Branch.)

At fixed intervals of 30 seconds, a check was made to determine the
available star-landmark and star-horizon combinations. Spacecraft optics
constraints eliminated most of the possible sightings. The trunnion angle,
an optically-measured angle between the star and landmark or horizon had
to be less than L45°. Further, a star could not appear within 15° of the
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optical line of sight to the sun nor within 1° of the earth's horizon
(ref. 2). To see landmarks, the CSM had to be within 55° of the local
vertical to the landmark (ref. 3). Landmarks and horizons had to be
sunlit.

Some constraints have not yet been determined. The time required to
perform and process a star-horizon or star-landmark measurement will be
determined in hybrid simulations. The precise thickness of cloud coverage
required to make a landmark imperceptible must await the actual mission.

Table I presents the resulting acquisition and loss times for the
possible combinations on the third and fourth high ellipses of Mission E.
Figures 1 and 2 show graphs of the results. The landmarks usable with
stars during the navigation periods are shown along with ground tracks
in figure 3.

As expected, there was a scarcity of sighting combinations, particularly
for midcourse navigation. Due to constraints on the trajectory of the
high ellipses, star-landmark combinations that can be seen for sufficient
time for sighting on are rare. Star-horizon combinations are plentiful
on Mission E, but will be scarcer on the lunar mission if supplementary
stars are not punched into the CMC.

SELECTION OF A SIGHTING SCHEDULE

Close analysis of the results reveals that, as expected, star-
landmark combinations with a duration of 10 minutes or longer are scarce
while the CSM is gbove the 3000-n. mi. altitude constraint originally
proposed for Mission E midcourse navigation. Although landmarks below
3000 n. mi. have appreciably higher angular rates relative to the CSM
(rer. 4), they can still be used for midcourse navigation. Below 2000 n. mi.
orbital navigation becomes more desirable. Star-horizon combinations are
plentiful.,

Choice of a midcourse navigation sighting schedule in this instance
involves selecting star-landmark combinations when they exist, then
completing the schedule with star-horizon sightings. Two sample schedules
are presented in tables II and ITI. A 10-minute sighting interval was
selected. The length can be better determined after hybrid simulations.

Choosing an orbital navigation schedule involves selection of land-
marks only. The star-landmark combination entries can be used for this
purpose. Other available landmarks, which could not be linked with stars,
are not included in this paper. A sample schedule for orbital navigation
is not given



I
REAL-TIME SCHEDULE SELECTION

As noted, the launch date for the ephemeris was taken to be
September 30, 1968. For launches in earlier or later months, the sighting
combinations change. Since the orbits for the Mission E high ellipses are
fixed relative to the earth, the available landmarks will remain the same
for the nominal mission. The available stars, however, will change with
launch date and time. Table IV, reprinted from reference 5, indicates
dependence on launch date by an analysis of star-horizon combinations.

Deviations from the nominal mission alter the acquisition and loss
times of both landmark and stars. A change in the hour of launch causes
some nominal landmarks to be dark and new ones to be lighted. Real-time
sighting schedule planning is thus necessitated. Real-time planning also
offers the ability to select combinations which will test constraints,
optimize navigation performance, and avoid attempting sightings on cloud-
covered landmarks. Information from the Weather Bureau may be used to aid
in the latter.

CONCLUDING REMARKS

This paper has presented the material and outlined the principles

. for the selection of nominal midcourse and orbital navigation plans required
for Mission E. Additional real-time planning is necessary, however, since
shifts in the trajectory and change in experimental conditions affect the
availability of sighting combinations. The analysis presented shows a
scarcity of star-landmark sighting combinations.
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E

Apollo High g.e.t. g.e.t. Total
star apogee acquired, loss time,
number pass number sec sec sec
(a) Assumed launch December 1, 1968, 1900 hours

2 3 LT 500 49 050 1550
3 3 48 460 49 580 1120
L 3 L8 sko kg 580 10k0
5 3 L7 980 48 650 670
6 3 L8 220 49 580 1360
26 3 45 226 46 050 82k
29 3 45 226 47 000 17TL
30 3 45 810 48 110 2300
31 3 45 226 46 550 132k
32 3 45 930 48 720 2790
33 3 L5 226 48 800 35Tk
35 3 L6 870 49 480 2610
36 3 47 450 49 580 2130
37 3 L5 820 49 580 3760
2 u' 57 660 59 200 15L0
3 L 58 620 59 T36 1116
L L 58 720 59 T36 1016
5 b 58 1ko 58 750 610
6 3 58 380 59 736 | 1356
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued

Apollo High g.e.t. g.e.t. Total
star apogee acquired, loss time,
number pass number sec sec sec

(a) Assumed launch December 1, 1968,
1900 hours - Concluded

26 L 55 383 56 200 817
29 4 55 383 57 080 | 1697
30 L 55 9Lo 58 280 23ko
31 L 55 385 56 T10 1325
32 b 55 000 58 870 | 3870
33 L 55 383 58 900 | 3517
35 L 57 000 59 600 2600
36 L 57 600 59 T36 2136
37 L 55 970 59 736 | 3766

(b) Assumed launch January 1, 1969, 1900 hours

1 3 48 050 49 580 1530
2 3 45 820 L9 580 | 3760

3 47 620 L9 580 1960
L 3 48 700 49 580 880
6 3 47 100 L9 580 | 2480
8 3 L8 9ko 49 580 640
12 3 L8 960 L9 580 620
29 3 L5 226 u§ 830 60k
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E -~ Continued

Apollo High g.e.t. g.e.t. | Total |
star apogee acquired, loss, time,
number pass number sec sec v sec
(b) Assumed launch January 1, 1969,
1900 hours - Concluded
30 3 45 226 46 880 | 1654
32 3 k5 226 47 000 17Th
35 3 45 790 L8 230 2kho
36 3 L5 850 48 600 2750
37 3 45 226 49 070 | 38Lk
1 i 58 170 59 736 1566
2 b 55 980 59 736 | 3756
3 4 57 780 59 736 1956
L 4 58 T60 59 735 976
6 b 57 270 59 736 | 2466
8 L 59 100 59 736 636
12 L 59 120 59 736 616
29 L 55 383 55 990 607
30 L 55 383 56 960 | 1577
32 L 55 383 57T 100 | 1717
35 L 55 950 58 380 | 2L30
36 L 56 000 58 770 2770
37 L 55 383 59 250 3867
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued

Apollo High g.e.t. g.e.t. Total
star apogee acquired, loss, time,
number pass number sec sec sec
(¢) Assumed launch February 1, 1969, 1900 hours
1 3 45 550 47 710 2160
2 3 45 226 L6 920 1694
3 3 L5 460 48 560 3100
5 3 L6 300 48 570 2270
6 3 Ls 226 47 500 227h
T 3 Lé 350 L9 580 3230
8 3 L7 080 L9 580 2500
9 3 L8 570 49 580 1010
10 3 46 780 L9 580 | 2800
11 3 48 150 L9 s80 1430
12 3 47 990 L9 580 1590
13 3 L7 620 L8 850 1230
15 3 48 080 49 580 | 1500
16 3 L8 340 49 580 1240
17 3 L8 700 49 350 650
18 3 L8 9Lo 49 580 640
19 3 L8 9ko L9 580 640
35 3 Ls 226 46 000 TT4
1 3 55 T00 57 840 | 2140
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TARLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued

Apollo High g.e.t. g.e.t. | Total
star apogee acquired, loss, time,
number pass number sec sec sec
(o) hosmeg Jeunch February 1, 1969,
2 b 55 383 57 150 | 1767
3 L 55 620 58 T00 3080
5 L 56 L60 58 690 | 2230
6 L 55 383 57 670 2287
T 4 56 480 59 736 3256
8 L 57 220 59 T36 2516
9 b 58 T00 59 736 | 1036
10 L 56 940 59 736 2796
11 L 58 250 59 736 | 1486
12 4 58 250 59 736 | 1486
13 b 5T T80 58 990 1210
15 L 58 250 59 736 1486
16 L 58 500 59 736 | 1236
17 L 58 860 59 490 630
18 L 59 100 59 T36 636
19 L 59 100 59 736 636
35 4 55 383 56 150 T6T
(d) Assumed launch March 1, 1969, 1900 hours
1 3 45 226 [ 46 390 | 116k
3 3 45 226 47 580 2354
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Continued

Apollo High g.e.t. g.e.t. Total
star apogee acquired, loss, time,

number pass number sec sec sec

(d) Assumed launch March 1, 1969,
1900 hours - Continued

5 3 45 9Lo 48 480 2540
T 3 45 300 L7 9ko 2640
8 3 46 090 L8 T20 2630
9 3 L6 770 49 480 2710
10 3 k5 820 L9 580 3760
11 3 LT 1ho L9 580 2kko
12 3 48 680 L9 580 900
13 3 46 780 49 580 2800
15 3 L7 480 49 580 2100
16 3 LT 500 L9 580 2080
19 3 L8 820 L9 430 610
20 3 48 820 kg9 580 T60
22 3 48 820 L9 580 T60
23 3 L7 980 49 580 1600
25 3 48 700 L9 580 880
1 L 55 383 56 580 1197
3 L 55 383 5T 680 | 2297
5 L 56 100 58 630 2530
T L 55 490 58 100 | 2610
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TABLE IV.- STAR-HORIZON NAVIGATION SIGHTINGS FOR MISSION E - Concluded

Apollo High g.e.t. g.e.t. Total
star apogee acquired, loss, time,
nunber pass number sec sec sec
(d) Assumed launch March 1, 1969,
1900 hours - Concluded

8 L 56 220 58 870 2650

9 L 56 930 59 640 2710
10 L 55 980 59 736 3756
11 it 57 300 59 736 2436
12 L4 58 760 59 736 976
13 L 56 940 59 T36 2796
15 L 57 570 59 736 2166
16 L 57 660 59 736 2076
19 L 58 980 59 590 610
20 L 58 980 59 T36 756
22 4 58 980 59 736 756
23 4 58 1Lo 59 736 | 1596
25 L 59 000 59 736 736
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